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STEPS TOWARD THE PRACTICAL APPLICATION OF EXTERNALLY

MODULATED FIBER-OPTIC LINKS*
C.H. Cox lli, L.A. Bernotas, G.E. Betts, D.R. O'Brien,

J.J. Scozzatava and A.C. Yee

Lincoln Laboratory, Massachusetts Institute of Technology

Lexington, MA 02173-9108

Over the past several years, the potential applications for analog fiber-optic links have increased.
Our initial examination of externally modulated link models has indicated that this type of link offers
several fundamental advantages over more conventional links which use direct modulation. Key among
our findings were the scaling laws for link gain and noise figure with link average optical power, which are
plotted in Fig. 1. These expectations were confirmed with measurements on several experimental links
that demonstrated the feasibility of obtaining lossless broadband links, gain in amplifierless narrowband
links, and noise figure of 5 dB, which is only 2 dB above the theoretical limit.

After a briet review of the various models and experimental results, we will present our work on
some of the practical issues that must be solved so that the potential demonstrated in the laboratory can
be realized in applications. Among the areas in which we have made significant progress and on which
we will report are temperature-stable tiber-to-modulator attachment (see Fig. 2), automatic control of the
modulator bias point, low-stress modulator mounting, and stabilization of the link gain (see Fig. 3). The
techniques that are being developed in each of these areas will be reviewed. At present these methods
have been implemented on a narrowband link shown in Fig. 4, and we will report experimental results on
this link. The measurements demonstrate that the techniques can provide a link that operates over a
temperature range of -60 to +50°C, has a modulator bias point controlled to +0.5°, will withstand random
vibration up to 3.8 gRMS, and whose gain is stable to 0.1 dB.

*This work was sponsored by the Department of the Air Force.
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FIG. 1 RF gain and noise figure vs optical power of fiber-optic links using direct and external moduiation.
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WA2 BROADBAND DRIVE VOLTAGE MEASUREMENTS IN LiNbO;
TRAVELING WAVE MODULATORS

G. K. Gopalakrishnan*, R. D. Esman, C. H. Bulmer, and W. K. Burns

Naval Research Laboratory
Code 6570
Washington DC 20375

Summary

Recently the use of device structures which provide a near
optical-microwave phase velocity match has led to significant
improvements in broadband traveling wave LiNbO3 modulators. One

popular way to achieve a phase matched structure is to use a thick
electrode and buffer layer(1-3). This allows adjustment of the
microwave effective index to the value of the optical index. Aside
from bandwidth the other important parameter for these devices is
drive voltage. Usually the phase inatch condition is achieved
somewhat to the detriment of low frequency drive voltage, but, with
phase match, device length can be increased to reduce drive voltage.
High frequency drive voltage is then directly related to the optical
response. This paper reports on measurements of the high frequency
drive voltage of the device of ref.2.

The device structure is shown in cross-section in Fig.1. A coplanar
waveguide(CPW) electrode structure is electroplated on a Mach
Zehnder interferometer on z-LiNbO3, with an intervening SiO) layer.
The center strip width was 8um, gap widths were 15um, and the
buffer layer thickness was 0.9um. The electrode thickness varied
from 15-18um on a variety of devices, but was ~18um on the best
device. The device electrode length was 2.4cm. Measurements were
made at 1.3um. Low frequency Vg's varied from 4.2-5.0V.
Considering the voltage drop across the buffer layer and the
asymmetry of the electrode structure with respect to the
interferometer, the resulting optical-electrical overlap integral was
8=0.77-0.65. High frequency Vg can be obtained from the optical

response by using

(ZL+Zo)
27y, ]

Vr(f)=Vz(0) exp(-OR/20) [




where OR is the optical response(in dBele) and Z] and Z, are the

device(~35Q) and input(50Q) impedances. The impedance term is
inserted to account for the impedance mismatch at high frequency.
Using the optical response from (2), this result is plotted in fig.2,
showing that Vg varies from 5 to 13 volts over the 40 GHz band of

the device. We expect to confirm this result by direct measurement
using a two-tone distortion technique, and will report the results at
the meeting.

References

1. M. Seino, et al, ECOC, ThG1-5, 1990.

2. G. K. Gopalakrishnan, et al, Electron. Lett.28, p.826 (1992).
3. D. W. Dolifi and T. R. Ranganath, IPR'92, PD-2, 1992,

* Maryland Advanced Development Laboratory, Greenbelt MD 20770
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where OR is the optical response(in dBele) and Zj and Z, are the

device(~35Q) and input(50Q) impedances. The impedance term is
inserted to account for the impedance mismatch at high frequency.
Using the optical response from (2), this result is plotted in fig.2,
showing that V. varies from 5 to 13 volts over the 40 GHz band of

the device. We expect to confirm this result by direct measurement
using a two-tone distortion techniyue, and will report the results at
the meeting.
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WA3 A DIRECTIONAL COUPLER MODULATOR WITH IMPROVED LINEARITY
(OPERATING UP TO 1GHz)

Mark L. Farwell and William S. C. Chang
Department of Electrical and Computer Engineering
University of California, San Diego
La Jolla, CA 92093-0407

James H. Schaffner
Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, California 90265

External modulation of laser light is attractive because of the spectral stability, low noise,
and large power available with CW solid state lasers. The potential of operating the external
modulator at high microwave frequencies is particularly attractive. There is, however, a need for
external modulators with linearity much better than that of the conventional Mach-Zehnder or
directional coupler. Such a modulator should have a design that is practical and a linearized
response that is tolerant to variances in fabrication. Researchers at UCSD have reported such a
device, a conventional directional coupler modified by two passive feed-forward electrodes as
shown in the figure [1], [2]). Two-tone testing with an early prototype device at audio
frequencies has demonstrated a suppression in intermodulation of over 35dB for an optical
modulation of 30% per tone. Presented here will be new results that address the viability of the
linearized directional coupler at frequencies up to 1 GHz.

The bandwidth limits for such a modulator come from two causes: (1) drive power loss
from electronic parasitics (i.e. electrode capacitance) and (2) signal distortion due to the finite
transit time of the optical wavefront across the lumped active electrode. The effect of (1) can be
"factored out” by considering it as a low-pass filter prior to modulation. Electrode fabrication
and packaging techniques can be used to eliminate the significance of this effect for frequencies
at or below 1 GHz. The effect of (2) has been viewed in the past only in terms of the reduction
in fundamental signal strength. But since a linear response is desired, we consider here the
bandwidth limitation provided by the spurious signal levels. Within the bandwidth where the
spurious signals are well below the fundamentals (i.e. a linear response), the fundamental signal
reduction will be small. Therefore, the spurious signals will ultimately impose the limit on the
bandwidth.

In order to experimentally investigate this frequency limitation for the linearized
directional coupler, a new device has been fabricated with reduced electrode capacitance. As
before, the modulator was fabricated with waveguides donated by AT&T Bell Laboratories and
has the same basic design as in the figure (active electrode length is apx 1 cm). The measured
capacitance of apx 5pf, however, has allowed the device to be operated at frequencies up to 1
GHz with moderate drive power resulting in significant modulation depths. This device has
been placed in a test link that uses two microwave signal generators in parallel followed by an
amplifier and a narrow-band filter to provide a linear two-tone input. A CW NdYAG laser at 1.3
microns is end-fired for optical input and the detected output is sent to a spectrum analyzer (HP-
8566B). The preliminary results of two-tone tests at 500 MHz and 1 GHz indicate that
intermodulation suppression is possible at both frequencies. But currently, extraneous spurious
signals from the test link are denying a precise analysis. Test results for the fundamental and
intermodulation signal levels as a function of modulation depth will be reported as available.




In addition, the computer program used to simulate the low frequency performance of the
linearized directional coupier has been enhanced to account for the electro-optical phase
mismatch resulting from the finite transit time of the optical wave. We are now able to calculate
fundamental and spurious signal levels as a function of both modulation depth and frequency for
any device composed of a cascade of coupling sections. These include conventional directional
couplers ("1x2" or "2x2"), Mach-Zehnders, foreshortened directional couplers, and various
versions of the linearized directional coupler discussed here. The program also allows for the
simulation of transition coupling, Y-branch imperfections, coupling length variations, and bias
voltage mistuning. In this way, various tolerance issues are being investigated theoretically.
Results from this computer program will be presented in order establish theoretical and practical
limits on linear modulation at high frequencies.

[11 Zong-Qi Lin and William S. C. Chang, "Waveguide Modulators with Extended Linear Dynamic Range - A
Theoretical Prediction," IEEE Photonics Technology Letters, vol. 2, pp. 884-886, Dec. 1990.

[21 Mark L. Farwell, Zong-Qi Lin, Ed Wooten, and William S. C. Chang, "An Electrooptic Intensity Modulator
with Improved Lincarity,” IEEE Photonics Technology Letters, vol. 3, pp. 792-795, Sept. 1991.

The Linearized Directional Coupler
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Only the first coupling section is modulated. The second and third sections
are passive. These two passive sections provide the nonlinear compensation.




WAS 80-CHANNEL AM-VSB CATV TRANSMITTERS UTILIZING EXTERNAL
MODULATION AND FEEDFORWARD ERROR CORRECTION

Robert J. Plastow
Philips Broadband Networks, 99 Erie St., Cambridge MA 02139.

Introduction

External modulation offers considerable advantages for AM-VSB signal transmission using optical
fiber. This is due to the separation of the functions of light generation and light modulation. This allows the use of
high power, low noise optical sources such as the Nd-YAG laser (1), in combination with a zero-chirp modulator
such as the Mach-Zehnder waveguide modulator (2).

The combination of a narrow linewidth source and a chirp-free modulator avoids the problems
associated with direct modulation of distributed feedback (d.fb.) lasers such as: interferometric intensity noise
from fiber backscatter and reflections (3); cavity induced CSO distortion from reflections (4); dispersion induced
CSO (5); and, optical amplifier gain slope induced CSO (6). In addition, considerably higher output powers are
available than from present d.f.b. lasers.

In this paper we describe the design, pexformance and application of externally modulated
transmitters that utilize optical feedforward to correct for modulator distortion. Transmitter output powers in
excess of 48 mW are achieved, distributed to four output fibers. Transmitter bandwidth (+/- 0.5 dB) is 40 - 550
MHz. Greater than 25 dB of error correction is achieved over this bandwidth, giving CTB and CSO values better
than -65 dB for 80 c.w. carriers at a modulation depth of 2.8%/ channel.

Statement Of Problem
For a typical AM-VSB 40 channel system using d.fb. lasers, a modulation depth/ channel of 4% is

used, with Composite Triple Beat (CTB) of -65 dBc. State of the art systems approach the theoretical limit of
approximately 5.5% (7). In general, d.fb. distortion increases rapidly with frequency. In the absence of this
frequency dependence, 4% modulation for 40 channels would correspond to ~2.8% modulation for 80 channel
operation. In practice, to achieve 80 channel operation with d.fb.s it is often necessary to use two lasers in a split-
band system.

At 2.8% per channel, 80 channels, a Mach-Zehnder modulator biased for minimum composite
second order (CSO) distortion, will show a CTB of -40 dB. It is therefore necessary to reduce this distortion by ~25
dB, without compromising CSO or carrier to noise (CNR).

Opueal fwdfonvard (c 2. 9, 10, 11) is a straightforward analog of electrical feedforward (8). The
design of the transmitter is shown in Fig.1. The main optical source is a Nd-YAG laser (1). This is modulated by a
balanced-bridge lithium niobate interferometric modulator (e.g. 12). An error signal is derived by splitting off a
small fraction of this modulated light onto a photodetector and comparing this with a sample of the electrical input
signal. This error signal is amplified and delayed, and then converted to an optical signal by means of a d.£b laser.
This optical error signal is combined with the main signal lna505000uplermsuchawaythatthcerrorsngnal
cancels the distortion in the main signal. .

Two separate feedforward correction circuits are implemented, one for each output of the modulator.
This has two benefits - first, the modulator need not be symmetrical in its distortion, and second, two separate
delay adjustments are available to facilitate operation at multiple receive sites.

Results and Discyssion

Results of cancellation measured by disabling the electrical sample path are shown in Fig.2. Greater
than 25 dB cancellation is obtained from 40 MHz to 550 MHz. This cancellation is sufficient to allow a modulation
depth of 2.8%/ channel for 80 c.w. carriers with a CTB and CSO of better than 65 dB. Measured results of
distortion under these conditions are shown in Fig.3. These results are for a transmitter with four outputs, each of
12 mW. Similar results are obtained on all four outputs.

A feature of feedforward is that the error signal is a small proportion of the total signal. Therefore it
can show high optical noise without significantly contributing to the overall carrier:noise. Similarly. the distortion
of the error signal represents distortion of the distortion. and is a sccondary effect. For these reasons, low grade
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d.fb. lasers can be used as the error correction source without the noise and distortion limitations mentioned above
for systems using d.f.b.s only.

Finally. it should be noted that because, uniquely. feedforward cancels distortions of every order and
indeterminate phase, it can if required be readily combined with any electrical or optical predistortion techniques to
provide further enhanced performance.

Conclusion

Externally modulated transmitters utilizing high power Nd-YAG lasers, lithium niobate modulators,
and feedforward error correction, show better than 25 dB distortion improvement over a standard Mach-Zehnder
interferometer from 40 - 550 MHz, and total fiber coupled output powers of greater than 48 mW. This results in
CTB and CSO values of better than -65 dB for 80 c.w. carriers at 2.8% modulation/carrier. Such transmitters are
suitable for AM-VSB CATYV distribution.
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WAS EXTERNALLY MODULATED 80 CHANNEL AM CATV FIBER-TO-FEEDER
DISTRIBUTION SYSTEM OVER 2X30 Km TOTAL FIBER SPAN

Moshe Nazarathy, Josef Berger, Anthony J. Ley, Isracl M. Levi, Yishai Kagan

Harmonic Lightwaves, Inc.
3005 Bunker Hill Lane, Santa Clara, CA, 95054

ABSTRACT

Progress in predistortion linearization and the introduction of parametric feedback loops and balanced bridge electro-
optic modulators yield a significant boost in analog CATV transmitter performance up to 80 NTSC channels.

Background
A feasible alternative to overcoming the difficulties associated with direct laser modulation for CATYV fiber optic dis-

tribution is the use of high CW power diode-pumped solid state lasers such as Nd:YAG lasers, in conjunction with
LiNbO; intensity modulators. The advantages of such approach are in the high power and low RIN (Relative Intensity
Noise) of the laser source. Furthermore, an external modulator offers a bias point where the CSO (Composite Second
Order) distortion is nulled out. However, the CTB (Composite Triple Beat) third-order nonlinear distortion remains to
be contended with [1). The feasibility of electronically reducing the modulator CTB was demonstrated in the pio-
neering work of Childs et al [2] by incorporating in the modulator driver a broadband nonlinear electronic circuit -
the linearizer.

Unfortunately, the modulation depth and the number of broadcast channels achievable with the predistortion systems
described to date have not yet attained the practical specifications of the CATV industry. Another problem is that
modulator drift may offset the retardation away from the desirable quadrature point of null CSO distortion. Likewise,
CTB distortion cancellation is generally susceptible to degradation due to variations in the electronic bias of the lin-
earizer circuitry.

Transmitter

In the system described in this paper (Fig. 1), novel circuitry for predistortion linearization leading to enhanced mod-
ulation depth, the incorporation of parametric feedback control loops to stabilize the drifts in the external modulator
and electronics, spectral and neise control of Nd:YAG high power laser sources such as RIN reduction feedback cir-
cuitry and the utilization of balanced bridge interferometer modulators to double the optical throughput, concurred to
yield a practical external modulation system capable of broadcasting 80 CATV channels with CATV industry specifi-
cations for carrier to noise ratio and intermodulation distortion and with enhanced fan-out capabilities suitable for the
FTF (Fiber-To-Feeder) multiple splitting CATV fiber distribution architecture covering 60 Km total fiber span (sum
of all fiber segments) and meeting industry specifications of CSO, CTB, CNR (Carrier to Noise Ratio).

Experiment

The experimental set-up is described in Fig. 2. Fiber output #1 of the transmitter is connected to a spool of 30 Km sin-
gle-mode fiber followed by a variable optical attenuator that feeds into the input of an optical receiver. Fiber output #2
of the transmitter is split three ways by means of 3-dB optical couplers to feed three fiber spools with the lengths of
20 Km, 10Km, 5 Km. Three optical receivers are connected to the ends of these three fiber links. The RF outputs of
these receivers are displayed on three TV monitors. The output of receiver #1 is bandpass filtered using a tunable fil-
ter, preamplified and displayed on a spectrum analyzer.

The transmitter RF input is connected to a multichannel generator for an unmodulated carriers test on the spectrum
analyzer. Alternatively, two of the 60 unmodulated carriers are replaced by two channels of modulated video (charac-
ter generator and laser disc player) in order to assess picture quality by switching between the fiber input and a coax
bypass provided with each one of the receivers .

The receiver is based on a PIN photodiode with typical responsivity 0.85, and noise equivalent current 8pA/ JHz .
The CSO and CTB contributions of the receiver are negligible for detected optical power less than 0 dBm.
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The variable optical attenuator was set to achieve a total loss of 12 dB for link #1. The optical power on transmitter
output fiber #1 was 9.8 mW and the received optical power was 0.63 mW. The laser optical spectrum measured with
a spectrophotometer exhibits single wavelength operation at 1319 nm with several longitudinal modes present. A
REN measurement was performed yielding -162.8 dBc.

The RF spectrum at the receiver output at 439.25 MHz (channel 60) displays a CSO contribution at a frequency 1.25
MHz to the right of the carrier at a level of -70.6 dBc. The spectral displays exhibit no heterodyned noise around the
carriers, indicating a negligible value of baseband RIN. The CTB measurement for channel 32 indicates a CTB = -
65.8 dBc. The corresponding CNR measurement indicates a CNR of -118 dBc/Hz, i.e. in the 4 MHz equivalent noise
bandwidth of an NTSC channel CNR = 52 dBc.

Upon measuring 80 unmodulated NTSC channels, the input RF signal level to the transmitter is readjusted about 2 dB
lower than the 60 channel case to maintain a reasonable balance between CTB and CNR such that CTB<-6S dBc,
resulting in CNR>50 dBc throughout the band.

The modulation index for the 60 NTSC channel case was measured to be 3.6% using a two-tone method. An alterna-
tive method of verifying the modulation depth is to use the CNR equation for an AM fiber link, assuming 10 mW
transmitted power, 3.6% peak modulation depth per channel, 8pA/ /Hz receiver equivalent noise current, REN=-
163 dB/Hz. At 12 dB link loss the CNR predicted by this equation is 52.5 dBc, vs. the value of 52 dBc experimentally
measured.

In order to assess the impact of reflections from the multiple connectors present in the system, fiber #2 was discon-
nected while observing the CTB, CSO and CNR spectrum analyzer displays. No change was observed in the mea-
surements spectral displays due to the fiber disconnection and subsequent reconnection. Conversely, with two of the
unmodulated carriers replaced by two channels of modulated video, no variation in picture quality was observed on
the TV monitors as fiber #1 was disconnected and reconnected.

Conclusion

In experiments using the new transmission system, distribution over 2 fibers of 30 Km each, wherein each fiber car-
ries 80 NTSC channels, is now routinely achieved with a CNR > 50 dBc and a CTB < -65 dBc, and CSO typically -70
dBc. As the number of channels broadcast over each fiber is reduced from 80 to 60, CNR increases to 52 dBc. The
fiber links served by the system under test each have 12 dB link budget, and include 4 connectors per fiber, with no
degradation observed in one link when the connectors were opened on the other link.

To compare these results to previous work in predistortion linearization, a CTB suppression of about 17 dB for 50
modaulated carriers at modulation index of 3.2% yielding a CTB of -60 dBc was previously reported [2]. Work on 60
or 80 channel exteral modulation transmission is not available for comparison. Our experiment achieved in excess of
26 dB CTB linearization suppression with 60 unmodulated carriers and 3.6% modulation index (suppression of the
initial unlinearized modulator CTB at -39 dBc to better than -65 dBc¢ after linearization).

Our results on 80 channels correspond to 2.8% modulation index for -65 dBc CTB.

The 80 channel transmission capabilities correspond to the largest number of channels broadcast via a single fiber as
reported to date. Furthermore the transmitter fan-out is doubled by having two output fibers.

References
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TECHNOLOGY ADVANCES FOR LIGHTWAVE CATV TRANSMISSION

T.E. Darcie AT&T Bell Laboratories -Crawford Hill Laboratory
Holmdel, N. J. 07733, (908) 888-7185

As deployment of analog lightwave technology accelerates throughout the cable television industry, the
broadband potential of the resultant architecture is inspiring creative new opportunities. Numerous
variations of the fiber-trunk/coax-dist-ibution architecture promise bandwidths near 1 GHz to groups of
between 100 to 2000 subscribers per trunk. Each of these proposals shares a common limitation; that
several fiber links are required to achieve 1 GHz bandwidth in the fiber trunk that feeds a 1-GHz single-
coaxial cable distribution system. This apparent limitation of today’s lightwave technology clearly leaves
room for innovation.

The limited bandwidth capability of analog fiber systems arises from well-ynderstood technical concems.
Nonlinearity in the laser limits the total modulation that can be applied, mVN, where m is the modulation
depth per channel and N is the number of channels. Noise (ideally just shot noise) limits the CNR for a
given m. Receiver nonlinearity limits the total modulated power that can be detected. These factors
combine to make the availability of large numbers of low-cost single-laser 80-channel systems a formidable
goal.

Given the technical limitations, there exist numerous alternatives by which operators can achieve the 1-
GHz potential of their networks. The choices include increasing the load on a single laser, using multiple
lasers on multiple fibers, or using wavelength-division multiplexing to increase the usable bandwidth per
fiber. Increasing the load on a single laser is particularly attractive if the extended bandwidth is used for
more robust digital-QAM channels, rather than additional AM-VSB channels.

For bands of 60 AM-VSB channels (55.25-433.25 MHz) and 60 64-QAM digital channels (441.25-795.25
MHz), windows of feasibility can be derived !, as shown in Figure 1. Feasibility is limited by the standard
noise and linearity limits and, in addition, by nonlinear interactions between channels in the two bands. As
Figure 1 shows, for this particular ideal laser, the VSB band can be transmitted for modulation indices
between 4.2 and 5.9 %, and the QAM band between 0.2 and 2.5 %. The laser is ideal in that only clipping
and resonance-induced distortion 3, which becomes significant as frequencies approach 1 GHz, are
included. This system is feasible only because the relatively robust QAM channels can be de-emphasized to
the level at which they contribute little to the overall load on the laser. For two bands of AM-VSB
channels, and similar channel counts, the window is non-existent.

Given that large numbers of 60-80 channel single-laser systems are now being installed, it would be
sensible if future extended-bandwidth systems could make use of these sub-500 MHz lasers. Wavelength-
division multiplexing (WDM) is the most natural way to achieve this graceful growth. In considering
WDM for AM-VSB transmission choices must be made between 1.3 or 1.55 pm wavelength operation,
direct or external modulation, and whether the architecture should support broadcast or narrowcast services,
or both. An architecture that supports broadcast distribution of 60 AM-VSB channels (55.25-439.25 MHz)
and narrowcast transmission of an additional 52 AM-VSB channels (445.25-751.25 MHz), shown in Figure
2, has been demonstrated 4. The broadcast source is at 1.55 um wavelength, allowing for Er-doped fiber
amplification, and is externally modulated to eliminate CSO distortion induced by the interaction of chirp
and fiber dispersion. Narrowcast transmission at 1.3 um takes advantage of the low cost of directly-
modulated lasers.

Further increases in fiber capacity will require WDM components that allow multiple wavelengths within a
given transmission window, and analog sources at precisely-specified wavelengths. Greater bandwidths
can also be served if compressed digital video and QAM modulation take the place of AM-VSB, at least in
the extended frequency band. Therefore, if compression technology continues to advance rapidly, 1 GHz
capabilities should be possible without this next level of WDM complexity.
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Figure 1. Window of feasibility for typical single-laser split-band transmission of 60 AM-VSB and 60 digital-
QAM video channels !. Modulation indices (m) are bounded by shot noise, clipping, and several
other nonlinear processes. (a) is the limit imposed by second-order resonance distortion (RD) within
the VSB band. (b) is the limit from second-order RD from the VSB band interfering with QAM
channels. (c) results from third-order RD, involving 2 QAM channels and 1 VSB channel,
interfering with a VSB channel.
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Figure 2. Split-band 112-channel WDM demonstration system 4 using broadcast extemally-modulated 1.55

pum and narrowcast 1.3 um direct modulation.
16




wB2 APPLICATIONS OF ERBIUM-DOPED FIBER AMPLIFIERS FOR
VIDEO DISTRIBUTION SYSTEMS

K. Kikushima, H. Yoshinaga, K. Suto and E. Yoneda
NTT Transmission Systems Laboratories
1-2356 Take, Yokosuka, Kanagawa, 238-03 Japan

Erbium-doped fiber amplifiers (EDFAs) have made it possible to develop
subcarrier multiplexed all-fiber video distribution (SCM-AFVD) systems, because
their noise and distortion are low. At high pump powers, the noise figure is low
while efficiency is high (Fig.1). Low noise EDFAs are characterized by small
threshold noise figures, NF,, , and low threshold pump powers, P,,[1]. Reflection

sites upstream of the erbium-doped fiber (EDF) degrade the noise figure more than
those after the EDF (Fig. 2). The noise figure is mostly determined by the reflection
loop created between the upsteam reflection site and the EDF itself. A low noise
EDFA must have minimal internal reflection [2].

We have experimentally demonstrated a 4-cascade EDFA system that uses
optically switched stand-by EDFAs (Fig.3). The stand-by EDFA replaces the damaged
one automatically. Each EDFA is a compact size package (H200 x D280 x W15 mm).
The optical switch is mechanical, and has low loss (0.36 dB for a 1x2 switch and 0.86
dB for a 1x8 switch) with high return loss (48 dB) ([3].

The system simultaneous carries 11 AM-NTSC (90-220 MHz) and 50 FM-
NTSC/HDTV (500 MHz-2.5 GHz) video channels. The output power from the 4-cascade
EDFA system is about 14 dBm. The receiver power is down to -9 dBm for 49 dB CNR of
AM video and 52 dB CNR of FM video. Low cost 50 channel FM video tuners,
composed of an MMIC synthesizer, a commercial Broadcast Satellite (BS) converter,
and a commercial BS tuner, were used. The compressed digital video (5-10 Mb/s)
channels will be able to be multiplexed between AM and FM video chanels with a 6
MHz spacing.

The difference between light wavelength and fiber zero-dispersion
wavelength causes dispersion noise and distortion, and degrades the picture quality
when the direct modulation scheme is applied {4]. The application of EDFA's also
incurs distortion due to their gain tilt and laser chirp [5]. When an external
modulator is used, these problems can be virtually eliminated [6]. We tested the other
solution of using dispersion and gain tilt equalizers. The dispersion equalizer was
made of optical fiber, and its loss was quite low (1.96 dB). The gain tilt equalizer was
a detuned optical bandpass filter, which had equivalent but opposite loss tilt.
Measured results of the distortion improvement by these equalizers are shown in
Figs. 4 and S. The equalizers permit the extension of the optical/electrical hybrid
CATYV area, as well as the AFVD area.
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WB3 A COMPARISON OF OPTOELECTRONIC REPEATERS AND OPTICAL
AMPLIFIERS FOR VIDEO DISTRIBUTION SYSTEMS

H. Blauvelt, N. Kwong, J. Paslaski and I. Ury

Ortel Corporation
2015 West Chestnut St., Alhambra, CA 91803

summary

Many CATV systems employ point to point fiber optic links to
transport multichannel AM video signals from the headend to the
neighborhood. These point to point links can transmit completely
different channels to each neighborhood to support such services
as video on demand. If all that is needed is to transmit identical
programming to all neighborhoods, then an optical tree and branch
architecture is generally more favorable economically than a point
to point architecture. Branching in an optical network is readily
achieved using optical splitters.

Erbium doped fiber amplifiers (EDFA) operating at 1550 nm have
been proposed to boost the signal at the branch points prior to
splitting the signal. There are several significant problems with
EDFA based AM systems which remain to be solved. If DFB lasers are
used, then laser chirp results in CSO degradation due to the gain
slope of the EDFA. Laser chirp along with fiber dispersion results
in severe CSO degradation when 1310 nm zero dispersion fiber is
used. External modulation suffers from very poor CTB from the basic
modulators requiring extremely precise distortion compensation.
In addition, stimulated Brillouin scattering, resulting from the
narrox linewidth of the cw lasers used with the external modulators,
limits the amount of power that can be launched into the fiber to
approximately 4 mW. Finally, optical amplifiers have a theoretical
minimum noise figure of 3 dB which in practice is even higher.

An alternative to the optical amplifier is the optoelectronic
repeater. In the case of the optoelectronic repeater, the signal
at each branch point is first detected and electronically amplified
and then regenerated using one or more lasers. The entire system
can be constructed using 1310 nm DFB lasers and conventional
singlemode fiber. The output power of the optoelectronic repeater
depends on the output power of each individuval DFB laser and on the
number of lasers that are used. Optoelectronic repeaters and optical
amplifiers can thus have comparable output powers.

We have constructed EDFAs and optoelectronic repeaters and
measured their performance. The noise figures of the two types of
signal regenerators are shown in Figure 1. The optoelectronic
repeater used a photodiode having 90% quantum efficiency, an
amplifier with 6 pA/Hzl/2 input noise and a laser with a RIN of
-160 dB/Hz. The EDFA was pumped at 980 nm in the forward direction
and at 1480 nm in the reverse direction.
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Because of the lower noise figure, less optical power is needed
at the secondary receiver of a repeater based system than is
required at the receiver of an EDFA based systen. Performance
comparisons for a variety of system configurations have been analyzed
and will be presented.
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Figure 1. Noise figure of an optical amplifier and an optoelectronic
repeater vs. received optical power.
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wB4 ' MULTICHANNEL M-QAM FOR CATV DISTRIBUTION

I. M. 1. Habbab
AT&T Bell Laboratories - Crawford Hill Laboratory
Holmdel, NJ 07733, (908) 888-7199

There is growing interest in augmenting the subcarrier multiplexed analog AM-VSB CATV
channels with digitally modulated ones vsing spectrally efficient, M-ary Quadrature Amplitude
Modulation (M-QAM) in the 500MHz-1GHz band. The advantage is that digital signals are
more robust with respect to noise, channel imperfections and nonlinearities. Even with this
heated interest, answers are not yet known to simple questions such as: How many channels
can be offered? At what bit rate and error probability? How much laser power is needed? What
ts the loss budgetf etc... We will set the framework within which we can address these and
other issues.

Signal Power: The digital RF signal consists of N subcarrier multiplexed, independently
modulated, M-QAM signals. Assume square-wave baseband shaping, consider one of these
signals, and assume that during the s** symbol interval, the in-phase and quadrature
coordinates of the transmitted point are a; and b;, where a;,0,€{£1,£3,...,.+/M—-1}. Note that
a; and b, are normalized. The symbol-dependent received signal power is d>f3r? where d (scaling
parameter) is the horizontal/vertical (H/V) distance between constellation points at the
receiver, Iy is the received average photocurrent, and r?=a?+ 3?7 is the radius of the i* symbol
point. As mentioned above, the received signal power depends on the transmitted symbol. We
average over all symbols to obtain the average received signal power P,, = d2B(M-1)/3. Note
that we can think of the digitally modulated optical signal as an amplitude-modulated one with
an effective modulation index given by m=d\/2(M—1)/3.

Shot Noise: The shot noise power at the receiver is given by 2¢loB, where ¢ is the electron
charge and B is the receiver bandwidth. The minimum required bandwidth per channel is
B=2R/log, M, where R is the bit rate. In practice, a larger bandwidth will be used to reduce
interference between channels.

Laser Clipping: It can be shown that the nonlinear clipping-induced distortion is the same as

that of an AM-VSBz system, but with an rms modulation index given by

u? = Nd*(M—-1)/3 = Nm /2,

SNR: The average signal-to-noise ratio, 7,, is given by
&2B(M-1) Bm’

Yo = I =
" 3[2ehB+ NLD Iiesy|  2[2LoB + NLD Iie>a)]

(1)

where. the nonlinear distortion power. NLD=Rubezp(—1/24%)/(\/27(1+64*)N), and
d'= 1 /(NZ(y/H~—1)) is the H/V distance below which clipping does not occur. d' is found by
assuming that each channel is sending one of its corner points and requiring that the composite
RF current remains larger than the threshold current. I{,¢) is the indicator function; /=0 for
d< d', and =1 for d >d'.

[t is instructive to find out the system capabilities at d=4d' (see Figure 1), that .is, with t.he
modulation index chosen such that clipping does not occur, so that the system is shot-noise
limited. Using (1), we obtain
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I./N = 5 - 2e(/M~-1)
o/ e (VM + 1)logy M RN )

where o, /N is the received photocurrent per channel, and RN is the total system throughput
(bit rate per channel X number of channels). For 64-QAM and a symbol error probability of
10~° (SNR=2892 dB), Iy,/N (mA)=3.89x10""® RN. Thus, assuming a laser output power of
0 dBm and a photoresponsivity of 0.8, we can deliver 100 channels at 10 Mbits each (total
throughput = 1 Gbhits) at a symbol error probability of 10=°, and still have about 13 dB of loss
margin. This is a tremendous achievement in contrast to AM-VSB, which cannot offer a
comparable number of channels at these power levels as the carrier-to-noise ratio is not high
enough. Note that the QAM system’s performance improves when driven slightly into the
clipping region (Figure 2).
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WBS DESIGN TRADEOFFS FOR VERY SHORT CASCADE
SYSTEMS FOR CATV

Donald Raskin and Richard Covell
Communication Products Division
Texscan Corporation
El Paso, TX

Over the past three years the cable television industry has
developed and implemented AM fiberoptic technology with ever in-
creasing intensity. At present that adoption has become so com-
monplace that essentially no new-builds or significant rebuilds
are done without substantial fiber content. This rapid conver-
sion to the new technology has been accompanied by a remarkable
shift in the basic distribution system architectures. 1In fact it
may be more appropriate to say that the conversion was made pos-
sible by the industry’s readiness to change its whole way of
thinking about system designs. This paper will give the reasons
for these fundamental changes of architecture and will discuss
the design implications.

Background

The feature of fiberoptic technology that is most attractive
for uses in CATV is fiber’s low attenuation of high bandwidth sig-
nals. This feature has been used to achieve a number of operati-
onal benefits by allowing relatively long unrepeatered transmis-
sion spans from the cable headend to neighborhoods of customers.
Initially this allowed operators to break up existing long coaxi-
al cable trunks in order to improve picture quality and to reduce
service outage group size. Generally, however, there was a cost
penalty for this application, which had to be justified by the
service benefits.

Two years ago -- after the industry leaders had convinced
themselves that the AM fiber components were "real" -- new ways
for applying these pieces were first proposed. The key concep-
tual jump was the realization ‘hat if fiber allowed the CATV sig-
nals to be delivered to neighborhoods with the best "trunk-like"
distortion and noise levels, then the trunk could be dispensed
with entirely. One could say that the system architecture went
from trunk-and-branch to "floating branches." This was accom-
plished by designing with multi-output fiber node amplifiers feed-
ing cascades of approximately four line-extenders, all operated
at relatively high levels, thus allowing the branches to reach
large groups of subscribers. Excellent end-of-line distortion
performance could be achieved despite the high amplifier output
levels because the cascades were so short.

This fiber-to-the-feeder (FTF) architecture was immediately
accepted b¥ a large segment of the industry because it allowed
them to gain the many performance and service advantages of
fiberoptic delivery at no additional cost per subscriber when com-
pared with conventional trunk-and-branch system designs. Indeed
the cost of the fiberoptic components was decreasing dramati-
cally, but the more significant determining factor (on a cost per
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subscriber basis) was the ablllty of the FTF architecture to
reach large numbers of subscribers from a single fiber node.

Thus one year ago five-amplifier cascades became the norm for new
systenm designs.

Very Short Cascades

During the past year, however, the key operating premise of
the industry has changed dramatlcally. The emphasis for many
operators has shifted toward ensuring their ab111ty to deliver
ngg_sg:g;ges, such as specialized program dellvery and telephony.
This implies, in turn, that the number of subscribers fed from
any one node must be reduced. Thus the architecture is moving
toward three, two and even one-ampllfler (flber-to—the-pedestal)
designs, with the additional equipment cost per subscriber being
offset by expected additional revenue opportunities.

Additionally, these new service opportunities give rise to
needs for increased bandwidth-delivery capability. Short ampli-
fier cascades make these requirements somewhat easier to achieve,
since the greater distortions from each amplifier will be com-
pounded fewer times.

These new service requirements and the architectures that
they mandate present the system designer with a completely dif-
ferent set of design elements. The designer must apply these ele-
ments to achieve not just performance and cost objectives as in
the past, but now service group size goals, as well. Table 1
gives an indication of the complexity of the task: it shows the
variety of design poss1b111t1es for a constant end-of-line perfor-
mance goal. In partlcular, the table indicates that small node
group sizes can be achieved at lower numbers of amplifiers/mile
by deploving cascades of one or two distribution amplifiers (DAs)
from the node.

Table 1. Fiber-to-the-feeder distribution alternatives

Distribution Back- Cas- Tap Reach System Total Ampls Homes
feed cade type (mi) miles ampls per mi pass

Single DA Y 2 NPP 0.49 3.8 9 2.4 605
DA split feeder Y 5 NPP 1.45 5.3 21 3.9 854
Two DA Y 3 NPP 0.72 5.9 17 2.9 949
Express feeder Y 5 PP 1.51 6.1 17 2.8 974
std five-ampl N 5 PP 0.98 8.0 53 6.6 1285
std five-ampl Y 5 PP 1.18 10.4 53 5.1 1659

Backfeed: "Y" indicates that extensive dual cable is used
Cascade = max no. of amplifiers to a subscrlber, incl fiber node
Tap type: "NPP" indicates that AC power is not passed thru taps
Reach = cable distance from headend to farthest subscriber

System miles = cable miles serving homes from a single fiber node
Homes passed: calculated at 160 homes per mile

Note: standard five-amplifier models use 3 line-extenders/branch
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WC1

INTRODUCTION TO DIGITAL VIDEO

Ming L. Liou
Belicore
Red Bank, NJ

A video signal such as television is traditionally processed in the analog
domain. Due to recent advances in digital electronics and signal processing
algorithms, video signals are now being processed almost exclusively in
the digital domain. Two most outstanding characteristics of digital video are
flexibility and robustness. Because of these, a video signal can be processed
and compressed for various applications. In this talk, a brief description of
several important aspects of digital video will be presented.
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WC2 A HIGH PERFORMANCE VIDEO CODEC

Eric Petajan

AT&T Bell Laboratories
600 Mountain Avenue

Murray Hill, New Jersey 07974

Summary

A high quality digital video codec has been developed for the Zenith/AT&T HDTV system
which adaptively selects between two transmission modes with differing rates and robustness. The
codec works on an image progressively scanned with 1575 scan lines every 1/30th of a second and
achieves a compression ratio of between S0 and 100 to 1. The high compression ratio facilitates
robust transmission of the compressed HDTV signal within an NTSC taboo channel. Transparent
image quality is achieved using motion compensated transform coding coupled with a perceptual
criterion to determine the quantization accuracy required for each transform coefficient. The codec
has been designed to minimize complexity and memory in the receiver.

The video encoder is shownin Figure 1. Motion compensated transform coding exploits both
the temporal and spatial redundancy present in the HDTYV signal. Hierarchical block matching is
used to remove temporal redundancy from one frame to the next. Using the motion vectors, a
displaced frame difference (DFD) is computed and transformed using the discrete cosine transform
(DCT) to remove the spatial redundancy. Each new frame of DFD is analyzed prior to coding to
determine its rate versus perceptual distortion characteristics and the dynamic range of each
coefficient. Quantization of the DCT coefficients is performed based on the perceptual importance
of each coefficient, the precomputed dynamic range of the coefficients and the rate versus distortion
characteristics. The perceptual criterion uses a model of the human visual system in order to
determine the sensitivity to color, brightness and spatial frequency. This information is used to
equalize and minimize the perception of coding artifacts. Parameters of the coder are optimized to
handle scene changes that occur frequently in entertainment/sports events and channel changes made
by the viewer. The distortion level is controlled by anticipating scene changes and monitoring the
fullness of the coded video buffer.
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Figure 1. Video Encoder

The motion vectors, compressed DCT coefficients and other coding overhead information
are buffered and packed into a format which is highly immune to transmission errors. The importance
of each packet is computed and the most important packets are transmitted using a more robust mode
subject toencoder buffer constraints. In case of transmission errors, the decoder uses a set of recovery
techniques which mask the errors. A usable picture is always obtained even if all of the packets which
were transmitted using the less robust mode are lost. If complete loss of signal is detected or the
channel is changed the decoder switches to a special mode which quickly builds the picture to full
quality after signal recovery.

The video decoder is shown in Figure 2. The vast majority of the codec complexity resides
only in the encoder. The motion estimator, forward analyzer, perceptual quantizer selector and DFD
encoder are encoder only subsystems. The decoder is realizable in a small number of VLSI chips.
Transparent image quality is achieved while memory and complexity in the receiver are minimized.

From Channel RGB
Transmission --®=] Butferand Decoder L g,| Postprocessor [—gmf [ HOTV
System Loop opley

}

Motion Vectors and
Coding Parameters

Figure 2. Video Decoder
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COMPRESSED DIGITAL VIDEO FOR PASSIVE OPTICAL NETWORKS

by Robert Olshansky and Gerald Joyce

GTE Laboratories Inc.
40 Sylvan Road
Waltham, MA 02254
TEL 617-466-2565, FAX 617-890-9320

The Motion Picture Experts Group (MPEG) is presently developing at least two
standards for full-motion compressed digital video [1]. MPEG1 aims at a 1.5
Mb/s data rate which is compatible with DS1 transmission as well as CD-ROM
and DAT transter rates and provides "VCR quality" video. A second standard
(MPEG2) is targeting for a data rate of 4-5 Mb/s and an image which will be
equivalent to "high quality CATV." This paper addresses the design of a video
overlay network for a PON/FTTC architecture which uses MPEG2 to deliver both
broadcast and switched video services on a single optical carrier.

Transmission Experiment: Experiments have been carried out [2] using a
conventional 1.3 um Fabry-Perot lasers and PIN/50 ohm receiver to transmit 94
unmodulated subcarriers having 6 MHz channel spacings and a CNR of 20 dB.
Results [2] show that a receiver sensitivity of -23 dBm can be achieved with no
degradation from either RIN or intermodulation products. A CNR of 20 dB is
sufficient for transmitting either two or four MPEG2 video channels per
subcarrier if QPSK or 16-QAM, respectively, is used. This experiment
demonstrates the feasibility of transmitting 200-400 MPEG2 video channels
using low-cost opto-electronic components. The ONU, consisting of a
photodiode, amplifier, and electrical splitter, is as simple as possible for a video
network. The transmission will be very robust against transmission impairments
because of the low CNR requirements.

MPEG2 Overiay for PON/FTTC: The 23-26 dB link budget is sufficient for PONs
with a 1x16 splitting ratio. With a FTTC architecture, 64 to 128 subscribers can
be provisioned on each "fiber loop". To pravent theft of services and to improve
operational efficiency the MPEG video should be encrypted. The decryption
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keys can be transmitted directly in real-time to the subscribers set-top box in
response to service requests or program orders. In addition to low-cost
transmission, this approach offers a number of significant economies.

(1) Broadcast and switched services are transmitted on a single optical carrier.
(2) By transmitting all signals to all subscribers, remote service provisioning
can be achieved by transmitting appropriate decryption keys to the subscriber's
set-top units, whenever service changes are requested. (3) The switched video
access line can be shared on a statistical basis to achieve "video line
concentration”.

video Line Concentration; In most previous proposals for switched video
services, a fixed number (typically 2-4) of switched access lines are dedicated
to each subscriber. By allocating video access lines in real-time as program
orders are received, the number of access lines installed can be matched to the
peak usage. Thus for a 25% peak usage rate, only 3z access lines to are
needed on a fiber lop serving 128 customers. In the conventional approach of
provisioning dedicated access lines 128- 256 lines might be required. As
usage of switched video service increase, the number of access lines
provisioned on each line can be easily increased by adding additional
subcarrier frequencies at the video central office.

An MPEG2 video overlay for PON/FTTC architectures thus offers considerable
advantages over previous proposals using AM-VSB, FM or more conventional
baseband digital transmission systems.

(1) D. Le Gall, Communications of the ACM 34, 47-58, April 1991.
(2) G. Joyce and R. Olshansky, Photonics Tech. Letts., 665-667, June 1992.
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ThA2 NOVEL CLOCK AND CARRIER-RECOVERY CIRCUITS FOR
MULTIGIGABIT/sec LIGHTWAVE SYSTEMS

Paul M. Hill, Robert Olshansky, and Mehdy Abdollahian
GTE Laboratories Incorporated, 40 Sylvan Road, Waltham, MA 02254, (617) 466-2585

The carrier reference and LO laser AFC are often derived from a residual optical carrier [1] while clock recovery
techniques often depend on sufficient transitions to isolate the clock and use PLL [2] or special filters [3]. One
expedient clock recovery method employed a clock pilot-tone transmitted with the data and then extracts the clock at
the receiver [4]. In this paper we describe a novel technique that was used to simultaneously recover the reference
carrier for n-PSK synchronous detection, a pattern-independent clock, and the heterodyne detection LO laser AFC
reference, from a transmitied clock pilot-tone in two very different multigigabit/sec heterodyne detection systems.
The technique to simultaneously extract the three processing signals was used in a 8 Gb/s subcarrier multiplexing
(SCM) QPSK heterodyne detection system [5] and in a 4 Gb/s baseband BPSK polarization division multiplexing
(PDM) heterodyne detection system [6). This is the first detailed description of the technique.

The clock at the transmitter originates from a crystal-locked 2 GHz source. The clock is used at the pattern generators
and either power combine 1 with the modulated subcarriers in SCM case or combined directly with the PDM baseband
data with a novel directional coupler. The directional coupler uses two asymmetric coupled microstrip transmission
lines and two frequency selective transformers in the coupled ports. The coupling section consists of a low
impedance quarter-wave transmission line and is connected at both ends to tapered microstrip transformers. The main
line of the coupler is a 50  microstrip transmission line. The received power spectra are shown in Fig. 1b and 2b,
for the SCM and PDM cases respectively.

In the SCM case, the optical beat and the pilot-tone are mixed to recover the clock reference. The clock reference is
used to phase-lock a VCO operating at the clock frequency. A 6 GHz reference subcarrier is recovered by doubling the
clock and mixing the result with the clock (x3), and then mixing the x3 signal with the optical beat (IF). The IF is
locked by comparing to an external standard and using the result to phase-lock the receiver LO laser.

In the case of baseband PPSK, the IF is suppressed. Mixing the two received pilot-tone signals, resulted in a term at
twice the transmitted clock or 4 GHz. A frequency-divider recovered the 2 GHz data clock thus eliminating the need
for a conventional clock recovery circuit. The 10 GHz IF for BPSK demodulation was determined by mixing the
recovered 2 GHz clock with the 8 GHz external standard. The LO laser was phase-locked by comparing the received 8
GHz pilot-tone to the 8 GHz external standard.

The output of the AFC first-order loop filter was sent to the receiver LO laser controller resulting in +20 Hz of IF
stability for both the SCM and baseband cases. The degree of stability is a function of the loop filter parameters and
the quality of the external standard. The IF stability established the stability of both the clock and the carrier
reference. Since the clock is sent as a pilot-tone, the ability to recover the clock does not depend on the data pattem.
The receiver sensitivity results for both the SCM and baseband cases were identical to data taken using a clock tapped
from the transmitter.

A novel technique to simultaneously extract the reference carrier, a pattern-independent clock, and the AFC reference,
from a transmitted clock pilot-tone has been used in a 8 Gb/s SCM-QPSK and similarly in a 4 Gb/s baseband
BPSK-PDM heterodyne detection systems. This work has been partially funded by the Office of Naval Technology
Program on ElectroOptics through the Naval Research Laboratory.

References

1 Linke, R.A. and Gnauck, A.H., J. of Lightwave Tech., 6, pp 1750-1769 (1988).

Ransijn, H. and O'Conner, P., J. of Solid-State Circuits,vol. 26,10, pp. 1345-1353 (1991).

Millicker, D.J. and Standley, R.D., Elect. Letters, vol. 23, 14, pp738-739 (1987).

Runge, K., Way, W1, Gimlet, J.L., Standley, R.D., and Cheung, N., OFC '89, Houston,WN2 (1989).
Hill, P.M. and Olshansky, R., ECOC '91, Paris, WeB9-4 (1991).

Hill, P.M,, Olshansky, R., and Burns, W K., to be publisied, Phot. Tech. Letters, May (1992).
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ThA3

EQUIPMENT DESIGN CONSIDERATIONS FOR HIGH SPEED DATA AND

DIGITAL VIDEO TRANSMISSION

Joseph B. Glaab
Jerrold Communications, PA

Abstract

With the enormous bandwidth and
low loss of fiber, why is it
necessary to use anything more
complex than simple on/off
keying, or frequency shift
keying for data transfer? The
answer in most cases is because
the fiber is only a portion of
the system. Linear Amplitude
Modulation is one of the most
difficult transmission
techniques for fiber but is used
in cable T.V. because T. V.
receivers accept AM signals.
Any other signal format would
require conversion hardware for
every TV set on the systemn.

A modulator - demodulator pair
(MODEM) to do a specific job
could be designed in any number
of ways. How do we select the
best one? If the justification
for the design is singular and
cost is no problem, one design
may be selected, but usually
that is not the case and a
design is only justified if the
usage will be wide spread. Cost
is usually a factor as well.

Given a specific task to
perform, usually more than one
solution presents itself. For
example, a television picture
can be reproduced exactly by
sampling at 14.3 Mhz. with 8 Bit
resolution generating about 115
Megabits per second. Equal or
slightly better performance can
be obtained by sampling at 10.7
Mhz with 9 Bit resolution. This
results in a data rate of 97
Mb/s.

. bandwidth.

Knowing the bandwidth and

characteristics of the
transmission channel and the
desired data rate, a

transmission method may be
selected. Channel bandwidth and
data rate establish the minimum
complexity of the systemn. A
power limited satellite channel
will typically support 24 Mhz
BW and better than 8.4 db C/N
with a reasonable size dish.
From the chart in Fig. 1 BPSK
would yield an expected Bit
Error Rate (BER) of 1 x 107
BPSK supports about 0.8 Bits per
Hertz or 19 Mb/s in a 24 Mhz.
If a higher data
rate is needed, QPSK can double
the data rate but a 3db greater
C/N is required. The same
amount of data could be sent
down a 6 MHz. wide channel in
a CATV system but we would need
a better C/N and we must use a
more complex signaling
structure.

System design trade-offs are

selected using various
criteria. (1) The decision
process must take into
consideration the desired

(required) data rate, the
channel characteristics, the
acceptable bit error rate, the
acceptable complexity, the
permitted cost and, to some
extent, the system designers

experience. The channel
characteristics include gain
response, loss based on

available transmission power,
bandwidth, frequency dependent
time delay, modulator, amplifier




and detector distortion. The
acceptable BER is the net result
of noise and distortion in the
channel and error detection and
correction capability. %t is
possible to improve a 10~ BER
to 107 BER in a consumer priced
system. The data rate penalty
is about 1/4 loss of the total
bit rate. The channel capacity
is a complexity and power issue.
QPSK works well in power limited
satellite systems where the
transponders operate with some
signal amplitude compression. (2)
A QPSK detector can be as simple
as a delay line phase detector
which compares the present
incoming carrier phase with that
of the signal delayed by 90°.
The integrated result is the
data output. Unfortunately the
satellite signal is far too
noisy to use this technique
directly and complex phase lock
loops (PLL's) are necessary to
create a good phase reference
for demodulation and sampling
of the incoming data. Decision
directed carrier recovery loops
and the Costas loop are classic
PLL's used for this purpose. (3)
Bandwidth 1limited systems in
which adequate power can be
transmitted with linear response
enables the use of modulation
techniques using both multiple
phase and amplitude levels. 16
QAM has 4 possible amplitude
levels on each of 2 carrier
phases. This permits sending
twice the data of QPSK in the
same channel or conversely the
same data in half the bandwidth.
This is because the four levels
are represented by 2 data bits.
The next level is 3 data bits
(8 levels per phase) for 64 QAM.
This in only half again the data
etc but 4 data bits per phase
yielding 256 QAM would double
the 16QAM rate. The
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constellation patterns of Fig.2
show possible data locations.

Remember that each location is
the instantaneous amplitude and
phase of a analog wave form. The

distance between these
locations, known as the
Euclidean distance, 1is the

resolution necessary for correct
detection in the presence of
noise and distortions. There
is a class of coding, which
produces what are known as
cross-constellations, Fig. 3.
This uses memory and extra data
overhead but can well be worth
the effort. So-called Trellis
coding can be used to create
cross constellations such as 32
QAM. Optimum detection is
usually achieved via a Viterbi
decoder to detect the most
likely data value. Another help
in detecting the most 1likely
data value is to use a gray code
in the Analog to Digital (A/D)
process since this changes a
maximum of one bit for the
minimum detectable amplitude
change. In a similar manner,
the data bits are often
differentially encoded to
prevent interchanging the I and
Q channel data during
demodulation.

In order to recover data from
QAM signals we must first lock
to the carrier with a carrier
recovery PLL. We must then lock
to the data symbols to digitize
them. Assuming that this is
accomplished, we must determine
which of the quadrature phases
are which, and to complicate the

issue, there is usually 50/50
chance that the data is
inverted. 1In some systems in

which the data is sent on both
phases of the carrier, it is
possible to have earlier bits
arrive later at the decoder.




In systems using block error
codes, it is necessary to detect
a synchronize code to know
where to start and to separate
data and Forward Error
Correction (FEC) bits. If this
isn't complex enough, consider
that a long string of zeros or
ones might cause the clock
recovery PLL's not to operate
properly because the PLL does
not see a regular sequence of
phase or amplitude changes. To
minimize this we generally
incorporate a scrambler. This
bit mixer is not to be confused
with the bit mixing resulting
from the intentional encryption
necessary for data intelligence
security.

Conclusion

This paper has presented some
of the design considerations for
high speed data transmission.
The data associated with digital
television is so compressed in
that upwards of 120 MB/s is
often compressed to less than
2 MB/s. This means that a
single uncorrected bit error can
create disastrous results. The
good news is that FEC and
adaptive equalizers are
realizable at nominal expense
to make even consumer digital
T.V. viable.

References
(1) J. Bingham, "The Theory and
Practice of Modem Design",
Wiley,b 1988

(2) K. Feher, "Digital
Communications =-Satellite and
Earth Station Engineering,
Prentice-Hall, 1983

{3) E. Lee, D Messerchmitt,
"Digital Communications", Kluwer
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ThA4 BROADBAND ISDN DELIVERY SYSTEMS AND TECHNOLOGIES
Jack Terry
Bell-Northern Research,
PO Box 3511, Station C, Ottawa, Ontario, K1Y 4H7, Canada
BISDN Driving Forces Digital Modulation

Switched on-demand video is expected to become the
major bandwidth driver of BISDN. Two-way video
telecommuting, televisiting and tele-education services
could together represent a further and substantial
multimedia bandwidth demand. High Speed Data, such as
FDDI between locations, or the remote operation of a single
CAD terminal, are also likely new applications for BISDN.
Graphics images such as X-ray or CAT-scan in the medical
field or high resolution color imaging in the printing and
publishing business both need extremely high bit-rates.
However it is future digital video which is the dominant
BISDN network driving force, particularly for on-demand
entertainment services, but also for interactive visual
services in both residential and business applications.

Digital Video Compression

The bit-rates needed to achieve a range of subjective
video qualities is shown in the graph below. The dotted cost
curve in the lower portion of the graph shows estimated user
equipment (digital video tuner/decoder) cost per channel for
different bit-rates, The solid cost curve shows that to deliver
digital video and audio to the television set, (including
transmission and user equipment, in fiber-fed co-ax or
twisted pair delivery systems), a bit-rate of around 8 Mbys
gives the lowest cost and offers at least S-VHS quality (no
"ghosts", "echoes”, "snow" or interference pattemns.

LossLESS— iR R :

Bitvatle 1 15 3 ¢ 9 18 30 100 Mbis
Bandwidth (16-QAM) 048 09 18 27 48 90 30 MMz
Bandwidth (64-QGAM) 03 06 12 18 30 60 20 MMz

Quadrature Amplitude Modulation (QAM) is an
efficient, spectrally compatible and popular modulation
scheme for digital delivery on media having limited
bandwidth, such as co-ax or twisted pair cables and
wireless. QAM using a full matrix of modulation states and
practical filters provides a spectral efficiency of about
0.84*Log2(n) bits/sec/Hz, where n is the number of possible
modulation states for a single symbol. For example a 4
bits/symbol signal having 16 possible states (16-QAM) has a
spectral efficiency of approximately 3.36 bits/sec/Hz. A
more optimum arrangement uses a sub-set of possible matrix
points, usually in a more circular rather than rectangular
grouping. For example, 32-QAM provides around 4.2
bits/sec/Hz and requires a transmission performance very
little more than that needed for 16-QAM.

Short Twisted Pair BISDN Delivery

Telco-provided twisted pair drops and home telephone
wiring have considerable digital capabilities using QAM if
their lengths are kept short. The diagram below shows
potential capacity vs. length.

100 200 300 500 1000
ft ft # ft ft
# 24 AWG Loop Length
BISDN services can be more easily provided on a

separate twisted pair per home. However where a second
pair does not exist, it is possible to combine existing
telephone and BISDN within a single pair. The diagram
below shows a fiber ring system used to deliver large
volumes of highly reliable service to the twisted pair drops.




In this system signals flow unidirectionally, with idle or
"dark" timeslots provided for "upstream" traffic or control.
In the event of fiber damage, two-way transmission can be
maintained in each part of the separated ring using
time-compression multiplexing techniques.

At least three high quality digital TV channels (or as
many as seven movie quality channels) per loop can be
achieved using 32-QAM at a maximum loop length of 800
feet At this loop length in typical suburban home densities
at least twenty-four such loops can be served by each fiber
ring fed opto-electronic curbside module.

Co-ax Cable BISDN Delivery

The North American Cable-TV industry is very aware
of the tremendous bandwidth potential of its imbedded, now
almost ubiquitous, co-ax cable distribution systems.
Moreover, the now digital direction of HDTV has alerted the
Cable-TV industry to the potential digital capabilities of its
co-ax, not just for television channel capacity, but also for
data, voice and telemetry services. Digitally extended
bandwidth NTSC (or PAL) television transmission offers
many of the attributes of HDTV but at much lower cost and
with existing TV set and studio system compatibility. This
approach could defer, potentially, the need and thus expense
of HDTV for some time while, at the same time, providing
a smoother path for its eventual introduction.

Analog fiber optic transmission systems are already
being deployed rapidly and umiversally by Cable-TV
operators in their local feeder and trunk distribution
networks to reduce service outages, decrease maintenance
costs and to increase video performance. Fiber feeder
cables already being deployed and planned by Cable-TV
operators typically contain a large proportion of spare fiber
strands. Some of these strands may be used to increase
video channel capacity or to provide upstream paths for
two-way services. Other fiber strands may be utilized, at

very low cost using lasers carrying only QAM digital
signals, to provide BISDN and even greater digital TV
channel capacity within a configuration such as that shown
in the diagram below.

Future digital television sets will require single QAM
and video compression standards, regardless of who delivers
the services. Digital set-top converter technologies will
migrate into television sets, VCRs, PCs, etc. Eventually, as
is now happening during todays analog Cable-TV era,
digital set-top converters will themselves become redundant.

Some Observations

Fiber-fed Cable-TV co-ax and Telco-provided,
fiber-fed, short twisted pairs both offer potential BISDN
capabilities. Both serve or pass at least 95% of North
American TV homes and both have the potential to provide
an abundance of switched digital video and other BISDN
services.

Cable-TV operators have advantages in time, economics
and entertainment service infrastructure. Cable-TV fiber
feeders are already being deployed universally as a means of
reducing cost and improving quality for existing services.
This fiber deployment has the potential to provide an
"already paid for" base for future BISDN capabilities. In
contrast, the Telcos must fund deployment of new fiber and
BISDN loop interfaces entirely from future new service
revenues. However the Telcos have the advantage of
existing network infrastructures needed for "dial-tone video”
services, particularly in areas of signaling, numbering plan,
built-in operations and maintenance facilities and niessage
accounting,

The two likely BISDN delivery network operators thus
have a set of complementary business, technical and
imbedded-base capabilities. Their future collaboration
could be the key to rapid, effective and economic
deploymem of BISDN, particularly for on-demand video.
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ThAS TRANSPORT OF DIGITAL VIDEO ON TELEPHONE SUBSCRIBER LINES
Richard C. Lau and Jules A. Bellisio
Belicore, 331 Newman Springs Road, Red Bank NJ, 07701

1. Introduction

If wire pairs can be used to provide wideband access capabilities, "broadband services” may be introduced long before the full
penetration of optical fiber in the loop plant. Asymmetrical Digital Subscriber Line (ADSL) is an emerging technology for
providing high bit-rate channels to the residence, and is the focus of this paper.

2. ADSL: A New Wideband Access Capability

ADSL (Fig.1) consists of a pair of copper wires from either the central office (CO) or the remote terminal (RT) to the subscriber,
together with the necessary interface equipment. Initial ADSL systems are projected to contain: 1) A 1.5 Mb/s one-way channel
going from the CO/RT site to the subscriber; 2) A two-way, low-speed data channel; 3) A bidirectional POTS (Plain Old
Telephone Service) channel or possible an ISDN Basic Rate Access (BRA) channel.

3. Candidate Technologies For ADSL

The technologies for ADSL are based on passband pulse amplitude modulation (PAM) and adaptive equalization. Adaptive
equalization allows different loop characteristics to be accommodated without manual adjustment. Passband modulation allows
frequency multiplexing of the POTS, the low-speed data channel, and the high-speed channel. An example of spectrum
allocation puts the POTS channel in the <4 KHz baseband, followed by about 40 KHz of bandwidth for the BRA ISDN channel
and the upstream control channel, and places the downstream high-speed channel (time-division multiplex of the 1.5 Mb/s
channel and the low-speed control channel) above 50 KHz.

For passband modulation of the high-speed channel, a well-known technique is Quadrature Amplitude Modulation (QAM),
which uses a sinusoidal carrier to modulate the digital information signal into the desired passband. Because of the spectral
compatibility requirements, the peak signal level at the transmitter is limited (e.g. 3 volts). Given the constraint in the signal
amplitude (and thus energy), other parameters considered in QAM are the bandwidth (W) and the number of signaling levels (L).
Generally, a larger L increases the bit rate at the expense of the probability of symbol error. On the other hand, increasing the
bandwidth does not increase the capacity proportionally due to the channel attenuation and noise effect. Thus there is a tradeoff
between W and L. The optimal values depend on sgeciﬁc loop characteristics. However, L=16,32, and 64, have been shown to
perform close to optimal for a bit error ratio of 10~/. The corresponding bandwidths will then be about 400 KHz, 300 KHz, and
267 KHz respectively.

A typical ADSL system using an L-level QAM is shown in Fig.2. Referring to Fig.2(a), the input binary digits are first split into
two bit-streams. The binary digits in both streams are grouped into 10g2L bits which are then coded into two L-level amplitude
symbol sequences g, and b, with a symbol period of T seconds. The pulse-amplitude sequences are then shaped by transmitter
lowpass filters before modulated to a passband signal centered at a carrier frequency of f.. The modulated signal is then
launched onto the loop wire, which is modeled as a linear dispersive channel with impulse response h;(¢). A commonly used
model for the wire pair has the characteristic that the aneryntion (H.(f )) varies according to the length of the loop (/) and the
square root of frequency (f ) given by, |H.(f)12= e X where K. is a constant. For ADSL, the noise model is made up of
three parts: self-Far-End CrossTalk (FEXT), impulse noise, and Additive White Gaussian Noise (AWGN). The power spectral
density of FEXT can be modeled as: Sgexr(f ) = P, Krlf 2|H(f )12, where P, is the total power spectral density of the
interfering signals belonging to the same binder group (with 50 wire pairs) and H (f ) is the frequency response of the equivalent
baseband channel, and Kr is a constant. Impulse noise causes burst errors which can last up to milliseconds and thus may need
forward error correction to reduce degradation.

At the receiver, the incoming signal is first demodulated into the baseband in-phase and quadrature components. The lowpass
filters in the demodulator are used to reject the double frequency component caused by the shifting of the passband signal to
baseband. After demodulation, the baseband signal is processed by the receiver filter 7 (#) and the adaptive equalizer. As shown
in Fig.2(b), the receiver filter can be considered to be made up of two parts: A noise whitening filter that makes the FEXT look
like a white noise; and a matched filter that optimally filters out the noise. After the receiver filter, the signals are sampled at
interval of T seconds (baud-rate) to obtain the discrete time signals, which are then equalized by a Decision Feedback Equalizer
(DFE) for reducing the effect of intersymbol interference (ISI) resulting from the dispersive wire channel. The DFE attempis to
remove the ISI with a combination of a linear feedforward filter (FFF) and the feedback filter (FBF). Because the ISI may be
caused by both the in-phase and quadrature components, both the FFF and the FBF can be considered to have complex
coefficients. The forward filter reduces the precursor ISI which is the result of the interference from future symbols. Due to its
non-causal nature, the forward filtering requires signal delay for implementation. The feedback filter attempts to correct the
postcursor ISI (interference from past symbols) based on the detected symbols. The DFE usually outperforms the linear equalizer
since the feedback section is free from noise (assuming no undetected errors).

The ADSL system is capable of adapting itself for different loop characteristics by adjusting the coefficients of the linear FFF and
FBF of the adaptive equalizer. The adjustment can be done in real time and is based on the error signal ¢, and the symbol
estimates {a, ,b, } according to the minimization of the minimum mean square error. Further improvement in performance can
be achieved by using a sampling rate higher than the symbol rate. The resulting structure is called a Fractional Spaced Equalizer
(FSE). For implementation convenience, an integral multiple of the nyquist rate is usually used. The FSE can perform both the
functions of the receiver filter and the forward filter portion of the DFE. In addition, it is less sensitive to the receiver sampling
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phase and alleviates the effect of aliasing as a result of the baud-rate sampling of the received signal.

4. A Possible Evolving scenario For The Access Network

The evolution from a copper loop to an all-fiber access network will probably involve a combination of two important
technologies: Advanced digital subscriber loop (DSL) and Fiber-to-the-home. A possible evolution scenario is depicted in Fig.3.
Initially, conventional analog copper loops carrying services such as POTS and data on modems will start to migrate to digital

subscriber loops using the same wire pairs to provide ISDN

(2B+D) services. Basic rate ISDN provides a bit rate of 128 Kb/s

with 16 Kb/s signaling capabilities. At this rate, visual communication service using H.261 (p=2) becomes a reality. The next
comerstone is the introduction of the ADSL technology around 1993-1994. ADSL would allow the offering of many "modern
age” services which cannot be supported with the conventional copper loop. The introduction of these new services will give
residential subscribers a “taste” of what an advanced communication network can offer and subsequently stimulate the demand

for more advanced services.

As the technology for ADSL matures and the service demand increases, it will be possible to provide upgraded services such as
bidirectional high-speed services, high quality videophone, and NTSC-quality videos, over a shorter loop distance (e.g.<9Kft).
One way 1o shorten the copper loop distance is to deploy fiber from the CO to a remote location, from where Very High-speed
ADSL (VHDSL) technology that can support a variety of bit rates may be used.

While ADSL technology is used for the early introduction of new services, fiber will be deployed up to the pedestal (FTTC).

Early FTTC deployment will mainly be focused in new construction areas or for the rehabilitation of old copper loops, and it will
be likely to be driven by POTS and/or Basic rate ISDN services.

As advanced services proliferate, it become more economical to migrate the ADSL network to a fiber-based network. The
experience gained from earlier FTTC deployment will make this migration easier. Similarly, the POTS-driven FTTC will be
upgraded 1o support higher rate services. The last phase of the evolution involves the conversion of the last drop from wire pair
(or coax) to fiber. This provides the largest capacity and is able to support digital HDTV as well as Broadband ISDN services
eventually.
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SYSTEM ENGINEERING FOR EXTERNALLY MODULATED,
ANALOG, FIBER-OPTIC LINKS

Walter L. Glomb, Jr.
United Technologies Photonics, Inc.
Bloomfield, CT 06002

To achieve optimal performance from a fiber-optic link, interactions with other
components in a system must be considered. This paper will address three
examples of system engincering for the analog fiber-optic link: (1) cascade
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